ABSTRACT Western corn rootworms, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), with resistance to crop rotation, frequently move between Þelds of corn, Zea mays L., and soybean, Glycine max L. Merril, laying eggs in both crops. By comparing the behavioral and reproductive responses of beetles experiencing mixed corn and soybean diets to those provided with a continuous corn diet, the cost of mixing diets was measured. Larvae were collected near Urbana, IL (rotation-resistant population), and Monmouth, IL (typical rotation-susceptible population), and reared to adults in the laboratory. Females from each population were assigned to alternating corn and soybean diets of different durations. Beetles were more likely to feed on corn if it followed soybean than if they had continuous access to corn. The cost of a mixed corn and soybean diet was minimal; the fecundity of females given alternating diets of corn and soybean was similar to that of beetles given daily access to corn diets. Females laid more eggs on days when they had access to soybean than on days with access to corn, suggesting dietary stress can induce oviposition. The only behavioral difference between the populations was a greater sensitivity to daily alternation of corn and soybean diets among beetles from the rotation-susceptible population. We found no evidence that rotationresistant adult D. v. virgifera have any greater inclination or capacity to feed on soybean tissue than rotation-susceptible adults. Instead, periodic exposure to soybean results in nutritional stress that increases oviposition rate, lowers the threshold for feeding, and increases beetle activity.
THE WESTERN CORN ROOTWORM, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is a serious pest of corn (Zea mays L.) that is grown in the midwestern United States (Levine and OloumiSadeghi 1991) . Adults of this univoltine species are present in cornÞelds from July through frost, where they feed on foliage, silks, pollen, and immature kernels. Eggs are typically deposited in cornÞelds from late July to September, where they remain in the soil until the following spring; few eggs were normally laid outside of corn. In late May and early June, larvae emerge from eggs; they can only survive and develop on the roots of corn and a few other grasses (Krysan and Branson 1983) .
Because the larvae must feed on corn roots and females have a Þdelity to cornÞelds during egg-laying, annual rotation of corn with an unsuitable larval host (e.g., soybean, Glycine max Merril) was a reliable cultural control for western corn rootworm injury in rotated cornÞelds. When annual rotation is applied, larvae emerging from eggs laid in a cornÞeld during the previous summer hatch amid a noncorn crop and quickly starve.
The success of crop rotation as a pest management strategy began to change in 1987, when unexpected D. v. virgifera larval root injury to rotated seed corn was reported near Piper City in Ford County, IL. In the following years, the incidence of root injury in rotated corn spread; by 1995, producers in 25 Illinois and Indiana counties (Levine et al. 2002) were contending with a moderate-to-high risk of D. v. virgifera larval injury in both rotated and continuous corn acres.
IdentiÞcation of D. v. virgifera eggs from the soil of soybean Þelds and recovery of D. v. virgifera larvae from the roots of corn from rotated Þelds conÞrmed a suspicion that the serious rootworm injury in the affected region was caused by D. v. virgifera egg-laying in rotated soybean Þelds during the previous summer (Levine et al. 2002) . Oviposition in both corn and soybean Þelds (as well as other Þelds outside of corn) endowed D. v. virgifera populations with behavioral resistance to annual crop rotation (hereafter referred to as rotation resistance). Rotation resistance has steadily expanded from where it was Þrst documented (Levine et al. 2002) . The pattern of spread suggests that rotation resistance originated near its discovery point and that it likely has a genetic basis (Onstad et al. 1999) . Unlike the selection for a physiological trait (prolonged egg diapause) that permits the northern corn rootworm, Diabrotica barberi Smith and Lawrence, to circumvent crop rotation (Chiang 1965 , Levine et al. 1992 , selection on existing variation in D. v. virgifera behavior (e.g., ovipositional host Þdel-ity) may have led to rotation resistance. Onstad et al. (2001) presented a model of D. v. virgifera adult behavior and population genetics for evolution of rotation resistance under conditions present in east-central Illinois. The model output indicated that a polyphagous D. v. virgifera phenotype (i.e., beetles without Þdelity to any particular crop) would be superior to oligophagous (i.e., beetles moving only between corn and soybean Þelds) or soybean specialist (i.e., beetles that are attracted to and feed exclusively in soybean) phenotypes and found no reason to expect that a soybean specialist phenotype exists. The model output also matches Þeld observations of movement from cornÞelds into a variety of crops (not just soybean) (Onstad et al. 2001 ). The Onstad et al. (2001) model also assumed that the fecundity of females leaving cornÞelds would be reduced because of lost opportunities to feed on host plants while beetles were in nonhost plant Þelds. In the model, D. v. virgifera fecundity was diminished in proportion to the area of noncorn habitat in the landscape. If there was no loss in fecundity associated with spending time outside of corn and adult feeding on nonhosts, resistance to crop rotation could develop much faster than predicted by their model.
Spurred by the sensitivity of the Onstad et al. (2001) model to the reproductive cost of periodically abandoning host Þelds and a need to understand mechanisms underlying rotation resistance, this study was developed to assess the reproductive consequences of a continuous corn tissue diet versus diets that regularly alternated between corn and soybean tissues. Because the time spent in a soybean environment may be a critical aspect of the behavior, the diet treatments were designed to simulate Þeld conditions in which D. v. virgifera adults spent 1, 2, or 3 d feeding in soybean before returning to a cornÞeld for an equal number of days. Periodic interÞeld movement by D. v. virgifera is common between corn and soybean Þelds in east-central Illinois (Isard et al. 2000) . By comparing the behavioral and reproductive responses of D. v. virgifera eating mixed corn and soybean tissue diets to those provided with constant access to only corn or only soybean diets, effects of mixing diets were measured. The use of individuals from an Urbana, IL, population of rotation-resistant and a Monmouth, IL, population of rotation-susceptible beetles allowed us to also test for any population-speciÞc behavioral differences that might be useful diagnostic tools.
Materials and Methods
Insect Collection and Maintenance. Diabrotica virgifera virgifera larvae were collected from the roots of Þrst-year corn (vegetative stage plants, standing 1Ð2 m tall) between 16 and 25 June 2001 from a University of Illinois Research Farm located 9.7 km northeast of Urbana, IL (rotation-resistant population). Larvae from a rotation-susceptible population were collected on 27 June 2001 from roots of continuous corn at the University of Illinois Research and Demonstration Center near Monmouth, IL. Crop phenology at both sites was similar to local conditions; neither collection site had been treated with a soil insecticide at planting. Starting egg populations were assumed to be representative of those in the surrounding commercial production Þelds but were not determined.
Larvae (mostly third instars and a few pupae) were collected by digging corn roots from the soil and placing the entire root system with 15Ð25 cm of the stalk into a 946-ml plastic cup with Ϸ2 cm of moist, general purpose greenhouse soil at the bottom. Loose soil that fell from the extracted roots was carefully examined, and any larvae present were scooped up with a plastic spoon and gently placed in a cup with a corn root. Approximately 15Ð20 larvae were added to each cup (additional, unseen larvae were inevitably also present inside each root system). The cups were loosely Þlled with Þeld soil, topped off with 2 cm of greenhouse soil, watered, and kept shaded until transported to the laboratory, where they were held under artiÞcial light (14L:10D photoperiod) at 24ЊC and watered each day; roots continued to grow and the stalks remained green. Larval collections at the Urbana location were completed before the Þrst "wild" adult male was observed on 28 June and before adults were Þrst collected in passive traps arrayed in a nearby commercial cornÞeld on 4 July. Collection of larvae at each site from the cohort that would have produced the earliest-emerging adults helped to assure that the test insects would have high potential fecundity (Boetel and Fuller 1997) .
The experiment began once the 24-h emergence from the two sets of rearing cups provided Ϸ100 newly emerged females from each population. Because the larval collection sites were widely separated (Monmouth, IL is 220 km northwest of Urbana, IL), with potentially different degree-day accumulations at the time of our collections, one-half of the much more numerous Urbana cups were held in an incubator at 21ЊC. The cooler temperature delayed development and helped to better synchronize adult emergence from some Monmouth and Urbana cups. Even with the temperature adjustment, several thousand adults emerged from the more numerous Urbana cups at 21 and 24ЊC before the combined emergence from the Monmouth cups had reached 50 females/d. Between 14 and 15 July, 103 females emerged from the Monmouth cups, whereas 120 females emerged from the Urbana cups. Between 14 and 16 July, 109 males emerged from the Monmouth cups, and 130 males emerged from the Urbana cups on 14 Ð17 July. The 103 Monmouth females and 120 Urbana females were placed in separate 40 by 40 by 40-cm screen cages along with males from their respective populations and maintained under the same conditions. Insects in both cages had access to water and several stage August 2004V5ÐV7 (Ritchie et al. 1986 ) greenhouse-grown corn (Pioneer 3417) leaf cuttings inserted upright in dropper bottles of water; corn foliage was replaced daily. Because mating activity in the cages appeared to be low during the Þrst 5 d, 20 Ð30 additional males (the oldest males available from the respective populations) were added to each cage on day 5 to increase opportunities for receptive females to mate. The insects were held for 9 d on the corn foliage diet. The period of initial feeding on corn foliage approximated the natural exposure to vegetative corn experienced by newly emerged females. In cornÞelds, newly mated females feed for Ϸ1 wk before dispersing into the landscape to locate other cornÞelds. Without an initial corn-feeding period, insects would have been under nutritional stress when the treatments began; mortality would quickly reach 100% among adults feeding only on soybean (a diet equivalent to starvation for a D. v. virgifera adult; Mabry and Spencer 2003) would be expected to quickly reach 100%.
Diet Treatment Protocol. Five diet treatments were developed to simulate the food availability experienced by D. v. virgifera with different patterns of movement between corn and soybean Þelds (Fig. 1) . Diet treatment "1C" (C ϭ corn) simulated the diet of an insect that always remained and fed in a cornÞeld. The corn diet consisted of a leaf disc, corn silks, and corn pollen. The leaf disc was cut from between the edge and midrib of a leaf from a greenhouse-grown stage V3ÐV7 corn (Pioneer 3417) plant (Ritchie et al. 1986 ), using a 1.6-cm-diameter, size 9 cork borer. The leaf disc was placed on top of a moist 6.9% agar disc (to maintain freshness over 24 h) next to a small mass of green corn silks (greenhouse-grown) that were generously dusted with Þeld-collected corn pollen. Treatment "1S" (S ϭ soybean) simulated the continuous soybean tissue that would be available to an insect that entered and always remained in a soybean Þeld. The soybean diet consisted of a soybean leaf disc (cut from Þeld-collected soybean foliage [leaves were free of insect feeding holes]with a 1.6-cm-diameter, size 9 cork borer) placed on top of an agar disc (identical to the discs used for corn) along side a young soybean pod that was split lengthwise to allow access to the pod interior (as grasshopper injury would). Treatments "1C:1S," "2C:2S," and "3C:3S" consisted of the corn diet presented for 1, 2, or 3 d followed by the soybean diet for 1, 2, or 3 d, respectively. These diet treatments simulated the plant tissues available to beetles with interÞeld movement cycles of 1, 2, and 3 d. In addition to the tissues in a diet treatment, all treatments afforded access to a moist cotton dental wick and an agar disc with a grooved texture on its bottom surface that served as an oviposition site (see below).
On 23 July (after 9 d of feeding on corn foliage), individual females from the Urbana (n ϭ 100) and Monmouth (n ϭ 90) populations were removed from their screen cage and randomly assigned to 1 of 190 numbered petri dishes (60 mm diameter by 20 mm high) to which a diet treatment had previously been assigned. There were 20 Urbana and 18 Monmouth females assigned to each diet treatment; each insect was maintained individually. After assignment to a petri dish, the insectÕs population of origin was recorded and held conÞdentially by an assistant until the experiment was completed. Thereafter all data related to individual beetles were maintained according to insect number; the experimenter knew only the diet treatment assigned to any given insect/petri dish.
To simplify the storage and facilitate the timely, daily exchange of 190 insects from petri dishes where they had resided for 1 d to an identically numbered petri dish containing fresh food and provisions, all the insects from Monmouth and Urbana populations assigned to the same treatment were held as a single randomly intermingled group of 38 petri dishes on the same cafeteria tray in a growth chamber at 24ЊC on a 14:10 (L:D) photoperiod. Insects were transferred to clean petri dishes with fresh diet every day during the experiment. Replacement dishes with diet treatment were prepared the evening before use and stored in a refrigerator until morning. In all cases, the diets stayed fresh and free of mold throughout the period of insect access. Because daily maintenance and testing activities(described below) could take hours (up to 9 h on one occasion), the experimenter and/or assistant recorded the time (to the nearest 5-min interval) when an insectÕs transfer to a fresh petri dish was completed. Once the daily petri dish exchange was completed, the assignment of trays to the Þve shelves in the growth chamber was randomized to account for any effects of shelf position.
Egg-Laying and Analysis. Eggs were recovered from beneath agar discs that served as oviposition sites. These discs were made by pouring a 1-cm layer of hot 6.9% agar solution (80:6:1 ratio of water [ml] , agar [g] and sterilized U.S. 30 mesh size black soil [g]) onto a cafeteria tray with a crosshatched pattern of surface ridges. The pattern of ridges was transferred onto the bottom of the solidiÞed agar that was later cut into 1.8-cm-diameter discs with a size 11 (18 mm diameter) cork borer. The grooved texture on the bottom surface of the discs made them the preferred site for oviposition and streamlined egg counting because most were laid in rows within the grooves of the agar disc. The black soil darkened the agar and greatly improved egg visibility. Although the majority of eggs were laid under the agar disc, some were laid under the moist cotton dental wick, whereas others were occasionally deposited amid the dense trichomes of the soybean pods (when present). Each day as the females were transferred to a fresh petri dish, the previous dayÕs dish and the contents were carefully inspected under a dissecting microscope and the eggs were counted. After egg counting, the agar disc was rinsed clean of eggs, the old food and water wick were discarded, and the dish was washed before being provisioned with new diet for the next day.
To assure that egg-laying comparisons were made only between females that were mated, a composite selection criteria was established to distinguish between mated and unmated females (scoring criteria 1 and 2 required dissection after the study had concluded). The criteria for inclusion in the analyses were (1) an ovarian development stage of Ͼ2.0 (Sherwood and Levine 1993) , and/or (2) detection of sperm in spermathecae, and/or (3) a minimum production of Ͼ100 eggs during the assay (includes eggs that were laid and fully chorionated eggs present in the ovaries at the time of dissection). Only two females from the 1S treatment laid eggs (they were mated but both failed to meet the minimum egg production criteria). Because of this low number of individuals, egg production data for 1S females are included in the Þgures to document this unexpected outcome but are excluded from the statistical analyses and comparisons. Egg data used in treatment comparisons were the mean total eggs per individual. Overall comparisons of mean total eggs were analyzed by analysis of variance (ANOVA) at ␣ ϭ 0.05. After a signiÞcant ANOVA, treatment comparisons were performed using Fisher PLSD.
Feeding Analysis. The proportion of insects that had fed on a particular diet was evaluated when the diet was changed. Feeding was veriÞed by the presence of frass in the dish and missing tissue from the available diet materials. Insects were scored as either having fed or not; the quantity of tissue eaten was not measured. The proportion of insects in each treatment that fed on the diet was determined each day. The proportion feeding on each day of a diet treatment was analyzed using the methods of Zar (1996) for comparing two and greater than two proportions.
Activity Analysis. When the diet exchange for a particular diet treatment entailed a switch between alternate types of diet (i.e., corn to soybean tissue or vice versa), the insects in that treatment were assayed for their activity level using a vertical tube assay apparatus. Previous observations indicated that D. v. virgifera diet could inßuence beetle activity levels (Spencer et al. 1998 ). Based on the common observation that D. v. virgifera adults usually move upward on nearby vertical surfaces after a disturbance, we designed a vertical tube assay device to quantify the rate of upward movement. We routinely exploit this tendency to ßush hidden beetles from within leaf whorls and corn ears in the Þeld and also to facilitate rapid adult collection or release from rearing containers, jars, and cages in the laboratory and Þeld. During the activity assay, the orthokinetic response (Evans 1984) of individual females was quantiÞed by measuring their rate of vertical travel inside a glass tube. If orthokinesis is affected by internal excitatory stimuli like hunger (e.g., because of poor diet), hungry or nutritionally stressed insects would be expected to be more active and travel up the vertical tube faster than satiated beetles.
Baseline activity levels for all test insects were measured on the Þnal day of corn foliage feeding before the start of the diet treatments. The following day was designated day 1 of the experiment; thereafter, an insectÕs activity was measured on each day that its diet was changed from corn to soybean or vice versa (Fig.  1) . Activity of insects in the 1C and 1S treatments was measured every day. Because insects in the 1C:1S treatment experienced a change in the type of tissue August 2004in their diet each day, their activity was also measured every day. Activity of insects in the 2C:2S treatment was measured every second day, and activity of insects in the 3C:3S treatment was measured every third day. Activity was measured for 19 d (24 JulyÐ10 August; no activity measures were taken on 30 July). The activity of each individual in the 1C, 1C:1S, and 1S treatments was recorded 18 times, and those in treatments 2C:2S and 3C:3S were recorded nine and six times, respectively.
The vertical tube apparatus was constructed from an open 71 cm long by 0.8 cm diameter (i.d.) glass tube. In the middle, a 41-cm measurement section was marked off with starting and stopping points. When in use, the tube was clamped vertically in a ring stand so that the clamps at either end would not shadow or block the view of an insect traveling upward through the measurement section. The bottom of the tube was positioned so that a glass vial containing an insect could be slipped under the open end, allowing the insect to walk up out of the vial and directly into the tube. Once the insect entered the tube and reached the measurement section, the time for a beetle to travel from the starting to the stopping point was recorded and later converted to centimeters per second. A larger plastic vial was placed at the top of the tube to prevent the insect from escaping after completing the assay.
Beetles were allowed up to 60 s to travel upward through the measurement section (equal to the slowest rate of 0.68 cm/s); individual tube runs that were not completed in Յ60 s were excluded from rate analyses. Per individual means were calculated so that beetles from a given treatment were represented only once in these data. The time of testing was recorded for each insect so that time-of-day effects on activity could be evaluated. Overall rate comparisons were analyzed by ANOVA at ␣ ϭ 0.05. Comparisons between collection sources were analyzed by an unpaired t-test (␣ ϭ 0.05). The effect of diet and change in diet on activity were evaluated by comparing an individual femaleÕs vertical travel rates after corn to soybean and soybean to corn diet transitions. Rate changes were compared using a t-test (␣ ϭ 0.05) to test whether they differed from a hypothesized rate change of zeroÑthe change expected if the diets had no effect on activity rate.
At the end of the experiment, the elytra from all insects still alive were measured to the nearest 0.1 mm with a micrometer scale under 100ϫ magniÞcation; this allowed comparison of the relative size of the insects from the two populations. Elytra length was analyzed by ANOVA at ␣ ϭ 0.05. Elytra length also was regressed against mean travel rates per female and mean eggs per female to check for any size-related correlates with behavior or reproduction.
The activity testing was performed as part of the diet exchange process. During testing, the experimenter would randomly chose a numbered petri dish from among all the trays containing treatments to be tested (insects in three to Þve of the treatments were tested for activity on any given day; Fig. 1 ) and transfer the resident insect into a glass vial and perform the assay. The experimenter recorded the assay result and the time (to the nearest 5-min interval) when the assay was completed. After the activity assay was complete, the insect was returned to the appropriately numbered petri dish with the new diet and moved onto the tray containing the other insects from its treatment that had already completed the activity assay.
Voucher specimens of D. v. virgifera adults collected in 2001 from the Þeld collections at Monmouth and Urbana, IL, used in this study are deposited in the insect collection of the Illinois Natural History Survey, Champaign, IL. The heads of all females used in this study were stabilized in RNAlater (Ambion, Austin, TX), an RNA stabilization solution, before they were archived in an ultrafreezer at Ϫ62ЊC for possible later analysis.
Results
Survival on Diet Treatments. All D. v. virgifera, regardless of their collection source (Monmouth or Urbana), on treatments 1C, 1C:1S, 2C:2S, and 3C:3S survived the duration of the assay (six individuals escaped during handling). On day 9 (when cumulative mortality Þrst exceeded 50% among the 1S treatment insects; mortality was 61%), 1S beetle survival between the two populations was similar ( 2 ϭ 3.7; df ϭ 1; P ϭ 0.10; Fig. 2 ). Five beetles from the 1S treatment survived the entire 32-d experiment; all Þve were from the Monmouth population (Fig. 2) .
Feeding Patterns. Proportions feeding were very similar, and statistical descriptions of the patterns among treatments in the two populations were almost the same (3C:3S treatments differed; Fig. 3 ). The proportion of D. v. virgifera that fed on the third day of access to soybean was less than the proportion that fed on the Þrst day (Fig. 3) . Because the Monmouth and Urbana populationsÕ feeding patterns were similar, data for the two populations were pooled to generate daily feeding patterns. The proportion of beetles in the 1C treatment that fed on the corn diet was 1.0 for the Þrst 3 d of the experiment, but fell to a mean of 0.63 for the remaining days (Fig. 4a) . The proportion of beetles in the 1S treatment that fed on the soybean diet on each day was 0.57 for the Þrst 9 d and increased to 1.0 for many of the later days (Fig. 4a) as the number of survivors declined (Fig. 2) . The mean proportion of beetles in the 1C:1S treatment that fed on corn each day was 0.94, with a mean proportion of 0.23 feeding when the available diet was soybean (Fig. 4b) . The mean proportion of beetles in the 2C:2S treatment that fed on corn over the entire assay was 0.88; the proportion feeding on soybean over the entire assay was 0.31 (Fig. 4c) . Regardless of treatment, nearly all beetles fed on corn the Þrst day it was available during each cycle, with a lower proportion feeding on corn during the second day (Fig. 4c) . The mean proportion of beetles in the 3C:3S treatment that fed on corn over the entire assay was 0.88, with a mean of 0.28 feeding when the available diet was soybean (Fig. 4d) .
Egg-Laying. There was no difference in the mean eggs laid per female between D. v. virgifera collected in Monmouth and Urbana (F ϭ 0.033; df ϭ 1, 44; P ϭ 0.86). Compared with the corn diet (1C), diet treatments that alternated between corn and soybean tissue had no effect on the mean eggs laid per female (F ϭ 1.133; df ϭ 3,42; P ϭ 0.35; Fig. 5 ). Beetles in all treatments, except for 1S, began egg-laying on the sixth and seventh days after the start of diet treatments when the insects were 14 and 15 d old, respectively (Fig. 6 ). More eggs were laid on days when the available diet was soybean than on days with access to corn (F ϭ 32.64; df ϭ 1,64; P Ͻ 0.0001; Fig. 7) . The effect of greater oviposition on days when soybean diet was available is evident in the plot of cumulative mean eggs per ovipositing female (Fig. 6) . While egg accumulation in the 1C treatment was relatively steady, accumulations for 2C:2S and 3C:3S treatments exhibit a "stair step" pattern of increasing egg accumulation with time. The number of days with big increases in egg accumulation correspond to the number of days with access to soybean diet in the treatment.
The elytra of Monmouth females were shorter than the elytra of the Urbana females (F ϭ 29.15; df ϭ 1,148; P Ͻ 0.0001). However, there was no relationship between this measure of beetle size and eggs laid per female (F ϭ 2.4E
Ϫ5
; df ϭ 1,44; P ϭ 0.996; R 2 ϭ 5.47E Ϫ7 ). Activity. Approximately 93.8% (2154/2297) of vertical tube assays were completed within 60 s. The percent of assays that were excluded because an actively moving beetle was too slow was only 1.4% (32/2297); 21 different individuals, representing all Þve treatments, were in this group. Only 4.8% of assays (111/2297) were excluded because an unresponsive insect failed to enter the assay device; 53 different individuals were represented in this group, 27 of these individuals were from the 1S treatment. Most unresponsive beetles from the 1S treatment were obviously moribund at the time of testing.
The rate at which beetles ran up the vertical tube (activity rate) after feeding on corn diet (including the corn foliage pretreatment) did not differ between Monmouth and Urbana insects for any treatment (Table 1) . Within the 1S and 1C:1S treatments, Monmouth beetles were signiÞcantly faster than Urbana beetles on the days when soybean was the available diet and when all diets were combined (Table 1) . Across all treatments, the Monmouth beetles were signiÞcantly faster than Urbana beetles.
Monmouth beetles became signiÞcantly more active after corn to soybean than soybean to corn diet transitions in treatments 1C:1S (t ϭ 3.24; df ϭ 17; P ϭ 0.005) and 2C:2S (t ϭ 4.09; df ϭ 16; P Ͻ 0.001; Fig. 8) ; this was also true for Urbana beetles in treatments 1C:1S (t ϭ 2.13; df ϭ 19; P ϭ 0.0462) and 2C:2S (t ϭ 3.00; df ϭ 19; P ϭ 0.007). The mean activity of the Urbana beetles in treatment 2C:2S decreased signiÞ-cantly after soybean to corn diet transition (t ϭ 3.01; df ϭ 19; P ϭ 0.007). Within a diet treatment, changes in mean activity rates after a diet transition from corn to soybean and soybean to corn were signiÞcantly different for Monmouth beetles in treatments 1C:1S (t ϭ 2.73; df ϭ 17; P ϭ 0.014) and 2C:2S (t ϭ 3.36; df ϭ 16; P ϭ 0.004) and for Urbana beetles in only the 2C:2S treatment (t ϭ 3.16, df ϭ 19; P ϭ 0.005; Fig. 8 ). Beetles did not always feed on the diet available (see Figs. 3 and 4); for all diet treatments that included corn, individuals were faster on days when corn diet was available but they did not feed compared with insects under the same circumstances that did feed on the available corn diet (F ϭ 4.44; df ϭ 1,240; P ϭ 0.036). However, for all treatments that included soybean, there was no signiÞcant difference in activity rate between days when beetles did (1.72 Ϯ 0.05 cm/s) or did not (1.84 Ϯ 0.04 cm/s) feed on the available soybean diet (F ϭ 3.72; df ϭ 1,226; P ϭ 0.055).
There was no relationship between the time of activity measurement and activity rate (F ϭ 2.88; df ϭ 1, 2296; P ϭ 0.09; R 2 ϭ 0.001). There was also no relationship between elytra length and mean activity rate per female (F ϭ 1.40; df ϭ 1,148; P ϭ 0.23; R 2 ϭ 0.009).
Discussion
Survival on Diet Treatments. Documenting the capacity of D. v. virgifera to compensate for soybean herbivory (an activity demonstrated to be little better than not feeding at all; Mabry 2002, Mabry and Spencer 2003) if later supplied with corn tissue is important to understanding how D. v. virgifera biology may contribute to circumvention of crop rotation. The ability to tolerate poor diet if high-quality food is subsequently consumed would enable beetles to leave cornÞelds for lengthy periods without incurring a signiÞ-cant loss of vigor. The example provided by the Monmouth population beetles that survived 32 d on only a soybean diet shows that there is high variability in adult D. v. virgifera capacity to survive on nonhost tissues, as reported by Siegfried and Mullin (1990) , and clearly illustrates that tolerance of soybean her- bivory is not speciÞc to rotation-resistant populations. Survival of beetles forced to go for as long as 3 d between access to corn tissues also suggests that, regardless of their rotation resistance status, D. v. virgifera are quite tolerant of dietary heterogeneity.
Feeding Patterns. Because the attractiveness of food sources is correlated with D. v. virgifera dispersal (Darnell et al. 2000) and egg-laying is associated with feeding site (Branson and Krysan 1981) , variation in feeding habits may impact other fundamental aspects of D. v. virgifera biology. Despite the importance of D. v. virgifera feeding, few laboratory studies have focused on this behavior. Researchers studying rotation-resistant D. v. virgifera have recently begun to examine soybean herbivory in relation to rotation resistance (Sammons et al. 1997 , Levine et al. 2002 , OÕNeal et al. 2002 . OÕNeal et al. (2002) concluded that soybean consumption is not unique to D. v. virgifera from areas where crop rotation has failed. In fact, Levine et al. (2002) reported that, while D. v. virgifera abundance in soybean Þelds was 5.2Ð13.5 times greater where rotation resistance was a problem versus areas without rotation resistance, the percentage of Þeld-collected D. v. virgifera with soybean tissue in their gut contents is similar for both populations. In this study, there were no differences in the day-to-day corn and soybean feeding patterns of rotation-resistant and rotation-susceptible D. virgifera populations. Because the populations share a similar ability to tolerate soybean tissue in mixed diets, we suggest that adaptation to crop rotation has not endowed the rotation-resistant population with a greater capacity to exploit soybean tissues as adult food (Fig. 3) . Although no differences in soybean feeding were detected between the populations, the type of available plant tissue and the period of access to each did affect the proportion of beetles that fed each day. Variation in the day-to-day proportion of D. v. virgifera that fed on corn when it was always available (treatment 1C) indicates that well-fed beetles may not feed every day. When corn tissue was alternated with soybean, the proportion of beetles feeding on corn increased compared with treatment 1C (Fig. 3) ; however, in treatments 2C:2S and 3C:3S, the proportion feeding on corn declined over days, signiÞcantly so for the 3C:3S diet and approached the overall cornfeeding proportion in treatment 1C. Alternating diet treatments had an opposite effect on soybean feeding. The proportion of D. v. virgifera that fed on soybean declined with days and never approached the level observed in treatment 1S.
These data provide insight into D. v. virgifera host plant acceptance patterns. With continuous access to Fig. 8 . Mean change in vertical activity rate (cm/s) for individual insects in the vertical tube assay on days when diet was changed from corn to soybean and from soybean to corn. The change in vertical activity rate was also calculated for the corn to corn and soybean to soybean diet transitions of insects in treatments 1C and 1S. All changes in activity rate were tested against a hypothesized rate change of zero (the expected change if a diet transition had no effect on activity rate) using t-tests (␣ ϭ 0.05). Mean rate change analyses between diet transitions within treatments were analyzed by paired t-test. Results of within treatment t-test are presented above the brackets over treatments 1C:1S, 2C:2S, and 3C:3S. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.0001. a high-quality corn tissue diet (treatment 1C), the proportion of females that fed each day declined to much Ͻ1.0. There were signiÞcant reductions in proportion feeding on corn even by the second day in the 2C:2S and 3C:3S diets. We postulate that sustained satiety associated with ad libitum access to corn tissue may lower beetle responsiveness to host stimuli. Among individuals with alternating corn and soybean access, a longer exposure to corn increases the likelihood of some feeding on soybean. As was the case with corn, the proportion of females that consume at least some soybean each day declined with continuing exposure. However, under extreme nutritional stress (i.e., treatment 1S) the poor diet is accepted at a relatively high rate. We hypothesize that a point of transition may be reached beyond 3 d of sole access to soybean when the mounting nutritional deÞciency lowers the acceptance threshold for soybean and it is eaten regularly. The low proportion of D. v. virgifera feeding on soybean in the alternating diet treatments (0.23Ð 0.31) is consistent with the soybean-feeding proportion (0.24) measured by Mabry and Spencer (2003) for Þeld-collected females subsequently held on soybean tissue in the laboratory for 24 h. However, both of these proportions are lower than the soybean feeding proportion observed among females in the 1S treatment (0.57). The soybean-feeding proportion in the 1S treatment was more similar to the proportion of soybean Þeld-collected D. v. virgifera females with soybean tissues in their gut contents (0.55) reported by Levine et al. (2002) . With respect to soybean herbivory, Þeld insects consume soybean as though they were in a no-choice study. Similarity between soybean acceptance/feeding patterns of nutritionally deprived laboratory females and free-living, soybean Þeld individuals may indicate that many beetles in soybean Þelds have been away from cornÞelds for a several days or that other circumstances associated with interÞeld movement have biased their probability of consuming soybean tissue.
The dramatic day-to-day shifts in feeding pattern may be explained by invoking an internal feedback model of host plant acceptance (Miller and Strickler 1984) where insects feeding on corn become satiated after continuous access to quality resources (Fig. 4) . Satiation raises the threshold for host acceptance during later encounters with that resource; feeding does not resume until the threshold is lowered (i.e., an insect becomes more hungry) or a highly stimulatory resource is encountered. The same phenomenon may apply to insects with continuous access to initially unacceptable resources; ongoing resource deprival (soybean herbivory) lowers the acceptance threshold and D. v. virgifera eventually feed on resources they would have initially rejected. We suggest that the soybean feeding frequently observed for rotation-resistant D. v. virgifera is not the result of selection to seek out and preferentially feed on soybean. Instead, soybean herbivory by D. v. virgifera from rotationresistant and rotation-susceptible populations is more likely associated with a lowering of the threshold for accepting a nonhost tissues among beetles deprived of host resources for long periods.
The feeding patterns in Figs. 3 and 4 show a consistent pattern of day-to-day responses to a changing nutritional environment. High-quality food was more likely to be eaten when alternated with poor food and the proportion of beetles that accepted poor food declined when higher quality food was periodically available. The Þnding that D. v. virgifera that do not feed everyday can still thrive is important. Whether rotation resistance is present or absent in a population, satiated beetles that forego feeding may be well served by additional time for dispersal or selection of appropriate egg-laying sites.
Egg-Laying. A capacity to maintain normal fecundity despite only periodic encounters with host plants may be one of the characteristics of D. v. virgifera biology that facilitated evolution of behavioral resistance to crop rotation. In the context of the Onstad et al. (2001) model for evolution of rotation resistance, equivalent fecundity regardless of whether host plant tissues were available each day or only on 50% of days may mean that selection for rotation resistance proceeded faster than predicted. If a key behavior associated with rotation resistanceÑperiodic departure from cornÞeld to lay eggs (and feed) in the crop rotated with cornÑis expressed with little or no cost to insect fecundity or vigor, it is not surprising that rotation resistance became widely established in Ͻ20 yr after D. v. virgifera arrived in Illinois. Independent of risks that may be associated with interÞeld movement (e.g., greater exposure to predators), the Þtness advantage gained by insects that lay eggs outside of corn is already tremendous in east-central Illinois where 98% of the corn is in an annual rotation with soybeans (Onstad et al. 2001) . Although individual fecundity is an important component of overall Þtness, assessing the effect of a diet on Þtness is not complete until offspring survival and oviposition are followed into the next generation.
Because even variation in corn diet quality had been shown to reduce egg production (Elliott et al. 1990) , it was unexpected when beetles on mixed diets produced as many eggs as those with continual access to corn. Just as surprising was that the dates of Þrst oviposition and insect age at Þrst oviposition were the same. Perhaps the quality of resources acquired during preoviposition (e.g., the 9 d of feeding on vegetative corn leaves before diet treatments began, Fig. 1 ) has a determining inßuence on fecundity that is as important as the quality of the resources acquired during the egg-laying period.
The important contribution of good early adult nutrition may explain how two beetles in the 1S treatment laid a total of 83 viable, fertilized eggs (larvae hatched from these eggs) after 30 d on the soybean diet (Fig. 6) . While the soybean diet may have contained nutrients useable for oogenesis, evidence that soybean is an inadequate host for adult D. v. virgifera (Spencer et al. 1998 , Levine et al. 2002 , Mabry 2002 , OÕNeal et al. 2002 , Mabry and Spencer 2003 suggests that this is unlikely. It seems more reasonable that the egg-laying females in treatment 1S acquired critical nutrients during their 9 d of access to corn foliage and were able to reserve or spare them for use in oogenesis. A similar production of viable eggs after prolonged feeding on nonhost tissues was also reported by Siegfried and Mullin (1990) . Branson and Krysan (1981) suggested that D. v. virgifera lay eggs where they feed. However, investigations of D. v. virgifera egg-laying have not considered the impact of dietary heterogeneity on oviposition patterns. The cumulative mean egg production plots (Fig. 6) reveal that beetles on different diet treatments had distinctive patterns of egg accumulation. The beetles in treatments 1C:1S, 2C:2S, and 3C:3S all laid signiÞcantly more eggs on days when they had access to soybean diet (Fig. 7) . In light of the knowledge that feeding on soybean is little better than not feeding at all (Mabry and Spencer 2003) , the pattern of oviposition in this study suggests that D. v. virgifera may be laying eggs in response to dietary stress.
OÕNeal et al. (2002) suggested that D. v. virgifera oviposition is as likely in a soybean Þeld as in a cornÞeld because all of the cues necessary to stimulate oviposition are present. Under a scenario where soybean Þelds possess stimulatory ovipositional cues, gravid females entering soybean Þelds may engage in egg-laying once mounting stress lowers their threshold to accept the cues they encounter. This leads to an interesting conclusion: D. v. virgifera may not only lay eggs wherever they happen to be feeding (Branson and Krysan 1981) , but they will also lay eggs where they are not feeding (or where the tissue they consume is not nutritious).
If the rotation-resistant D. v. virgifera were speciÞcally attracted to soybean Þelds or required some soybean cue to oviposit in soybean, then beetles from Urbana and Monmouth would differ in their egglaying response to soybean. The absence of population-level differences in feeding and egg-laying responses to soybean indicate that what we observe is part of the baseline physiological capacity of all D. v. virgifera populations and not the product of selection imposed by crop rotation.
Activity. The vertical tube assay provided a relatively quick method to measure general activity of D. v. virgifera. Differences in day-to-day movement rates among insects on alternating diet treatments indicates that variation in diet quality can affect beetle activity on a similar time scale. Analogous changes in general activity related to feeding could modulate the pace of search intensity and likelihood of interÞeld ßight among beetles that are periodically active in both corn and soybean Þelds. Although, D. v. virgifera activity in the presence of corn diet was only signiÞcantly reduced for the Urbana insects on diet treatment 2C:2S (Fig. 8) , the ability of a high-quality corn environment to reduce general activity has been reported in Þeld studies; D. v. virgifera were less active when corn was at anthesis (Naranjo 1991) . Pollen and silk feeding have also been observed to arrest D. virgifera, leading to an accumulation of beetles where high quality food was concentrated (Darnell et al. 2000) . Arrestment in response to high quality diet may explain why D. v. virgifera historically tended to remain in their natal cornÞeld until it reached a late phenological stage (Elliott et al. 1990, Siegfried and Mullin 1990 ) and why they later accumulate in late-planted corn (Darnell et al. 2000) . However, this does not explain why large numbers of adult D. v. virgifera in east-central Illinois are observed outside of corn that still has acceptable tassels and silks (Levine et al. 2002) .
Just as D. v. virgifera activity increased when held with soybean diet, increased activity could reasonably be expected in response to other poor-quality foods such as reproductive stage corn foliage. OÕNeal et al. (2002) demonstrated that late stage corn is unattractive to D. v. virgifera and proposed a behavioral mechanism where declining corn quality (i.e., associated with advancing crop phenology) could increase adult dispersal from cornÞelds. Numerous reports of D. v. virgifera outside of senescing corn (Branson and Krysan 1981 , Elliott et al. 1990 , Darnell et al. 2000 may also be explained by increased activity and dispersal in response to declining corn quality. Our Þnding that nonfeeding insects are more active and that beetles on high-quality food do not feed every day (Fig. 4) , indicates that D. v. virgifera possess sufÞcient responsiveness to variation in hunger or nutritional status for this sensitivity to play a role in their ßight from high quality cornÞelds to weed-free soybean Þelds .
Because active D. v. virgifera adults are commonly seen at Þeld margins in areas where crop rotation has failed and the beetle ßux across these margins can be tremendous, it has been assumed that greater activity may be one facet of behavioral resistance to crop rotation (Isard et al. 2000) . Accordingly, we expected that beetles from the rotation-resistant population would be more active than those from the rotationsusceptible population. Instead, when all the treatments were combined, the Monmouth beetles were signiÞcantly more active than the Urbana beetles (Table 1 ). In addition, within the diet treatments, population comparisons were signiÞcantly different only when the available diet was soybean. These results suggest that there may be a difference in how adults from the two populations respond to soybean diet, although not in the direction predicted if selection for greater D. v. virgifera dispersal/movement was the only driving factor behind rotation resistance.
We have postulated that D. v. virgifera lay eggs in response to dietary stress; beetles that become more active than others on entering a soybean Þeld or after feeding on soybean tissue may abandon soybean Þelds before mounting stress leads to egg-laying. A rapid behavioral response to nonhosts could explain why D. v. virgifera throughout the western Corn Belt are seldom found outside of corn. They may be so sensitive to unsuitable nonhosts that increased activity after nonhost encounters result in a quick return to a cornÞeld. Conversely, beetles that are less agitated after leaving a cornÞeld or feeding on a nonhost tissue may remain away from cornÞelds longer; perhaps long enough that they experience sufÞcient stress to stimulate oviposition in the nonhost Þeld. Accumulation of D. v. virgifera in soybean, interpreted as attraction to soybean, may actually be expression of a greater tolerance for heterogeneity/nonhosts among beetles that have not yet been sufÞciently stimulated to return to corn. The possibility that differences in host-seeking behaviors after nonhost encounters or baseline activity patterns may exist between rotation-resistant and susceptible populations should be explored further.
This study shows that the capacity of adult D. v. virgifera to feed and survive on soybean is not unique to beetles from the rotation-resistant population. Because D. v. virgifera will lay eggs in response to stresses associated with nonhosts and/or poor diet, a change in ovipositional preference was not necessary for oviposition outside of corn. We believe that once crop rotation made the larval host plant unapparent to adult D. v. virgifera (Branson and Krysan 1981) , gravid individuals with greater tendencies to periodically leave cornÞelds and linger in nonhost habitats were strongly favored (Onstad et al. 2001 ). Furthermore, because there is no evidence for loss in fecundity among D. v. virgifera maintained under an enforced alternating diet regimen, selection for phenotypes that tolerate nonhost environments would proceed faster than predicted in the model presented by Onstad et al. (2001) . Just as annual crop rotation was hypothesized to favor and possibly even perpetuate prolonged diapause of northern corn rootworm eggs (Chiang 1973 , Levine et al. 1992 , predictable annual rotations of corn over large geographic areas likely favor and perpetuate populations of D. v. virgifera that disperse from corn and remain for extended periods in rotated, nonhost Þelds.
In conclusion, these data suggest that soybean plays no direct role in the D. v. virgifera circumvention of crop rotation. In light of the evolutionary history of the D. v. virgifera adaptation to "patchy" spatial and temporal distributions of its progenitorial larval host plant (Branson and Krysan 1981) , the Þndings of this study suggest that D. v. virgifera biology was well adapted to uncertainty long before crop rotation disrupted the year-to-year availability of corn. The unresolved question is why and how D. v. virgifera leave corn before it becomes unsuitable as a feeding site. We suggest that to discern the mechanism(s) of rotation resistance, a better understanding of the environmental cues that initiate dispersal out of corn is needed.
